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REVIEW  OP  PHOTOELECTRON  AND  AUGER  DATA  POR  THE 
HIGH  TEMPERATURE  SUPERCONDUCTORS 

D.E.  Ra maker 

Naval  Reaaareh  Laboratory,  Washington,  DC  2037S 
ABSTRACT 

A  review  of  the  photoelectron  and  Auger  data  reported  for  the 
recently  discovered  high  temperature  superconductors  reveals  that 
the  surfaces  of  these  materials  are  highly  reactive  to  adsorbed 
gases.  The  Cu-0  bonds  appear  to  be  highly  covalent,  indeed,  the 
Cu-0  covalency  increases  with  Tc  in  these  materials.  The  screening 
response  to  creation  of  a  core  hole,  as  reflected  in  the  LV-VVV  Auger 
satellite,  it  suggestive  of  the  excitonie  mechanism  for  the 
superconductivity. 

INTRODUCTION 

The  recent  discoveries1'*  of  superconductivity  above  30  K  in 
Lai-«Ba,CuO«  and  above  90  K  in  YBaiCujO,-,  have  resulted  in  a 
number  of  recent  papers  reporting  spectroscopic  investigations  on 
these  superconducting  (SC)  materials  (herein  called  the  doped  La  and 
123  materials).  This  work  examines  and  reviews  those  papers 
reporting  core  level  XPS  (X-ray  photoelectron  spectroscopy)  and  Cu 
AES  (Auger  electron  spectroscopy)  data.  Those  papers  reporting 
valence  band  photoemission  data  and  core  level  absorption  spectra 
are  reviewed  by  Kurtz*  and  Onellion*  in  separate  papers  to  appear 
in  these  proceedings.  All  papers,  published  and  in  the  preprint 
stage,  of  which  the  author  is  aware,  are  reviewed.  Considering  the 
rate  at  which  these  papers  are  appearing,  it  is  inevitable  that  some 
may  have  been  overlooked;  the  author  apologizes  for  those  missed. 

This  work  is  of  necessity  preliminary  in  nature.  The 
spectroscopic  data  have  been  found  to  be  very  dependent  on  the 
sample  preparation  procedures,  surface  treatment,  and  exposure. 
Conflicting  interpretations  of  even  the  same  data  have  also  been 
reported.  Much  additional  spectroscopic  work  needs  to  be  done.  An 
attempt  is  made  to  point  out  where  additional  data  would  be 
particularly  helpful. 

A  brief  summary  of  the  properties  and  preparation  procedures 
for  the  two  types  of  superconductors  will  be  helpful  for  later 
discussions.  The  superconducting  phase  of  the  doped  La  material 
has  been  identified  as  having  the  tetragonal  K«NiP«  structure.  A 
small  orthorhombic  distortion  from  the  KiNiPi  structure  occurs  at  533 
K  in  LaaCuO*.  Doping  with  Sr  or  Ba  stabilizes  the  tetragonal 
structure  at  lower  temperatures;  however,  the  structural  transition 
temperature,  T«,  still  apparently  falls  above  the  superconducting 
transition  temperature,  T„  for  almost  all  Sr  doped  levels*.  The  rate 
of  cooling  from  the  0  anneal  is  apparently  critical  to  the  quality  of 
the  superconducting  sample**.  The  123.  material  also  exists  in  two 
different  crystal  structures.  In  this  case,  the  tetragonal  material 


(123-t)  has  a  composition  with  z  around  0.5  and  a  disordered  array 
of  0  vacancies.  The  resulting  structure  has  two-dimensional  arrays 
of  Cu-O  bonds  and  m  T,  similar  to  that  for  doped  La’.  It  can  be 
prepared  by  fast  cooling  after  the  0  anneal.  Slow  cooling  increases 
the  total  0  present  (Le.  reducing  x),  allows  the  remaining  0 
vacancies  to  order,  snd  produces  the  orthorhombic  structure  (123-o). 
This  ordering  introduces  one  dimensional  chains  of  CuO«  bonds  which 
is  believed  to  be  instrumental  in  producing  the  higher  TCT. 

This  paper  is  divided  into  sections  which  review  the  0  K,  the 
Sr,  Y,  La,  and  Ba  M,»,  and  the  Cu  Lis  XPS  data,  and  the  Cu  L»W 
AES  data.  A  section  interpreting  a  possible  temperature  dependence 
of  the  data  ia  also  included,  followed  by  a  summary. 

THE  O  K  LEVEL 

Fig.  1  shows  0  Is  XPS  data  for  the  two  SC  materials,  and  its 
observed  dependence  on  sample  preparation,  surface  exposure  time, 
electron  take-off  angle,  and  sample  temperature.  The  data  reported 
by  Schrott  et  al.a  arise  from  123  samples  prepared  by  annealing  in 
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angles  9  measured  with  respect  to  the  surface  normal. 
From  Ref.  14. 

Mg  Ka  spectra  from  YBaiCuiOr-r  measured  at  300  and  80 
K.  From  Ref.  15. 

Al  Ka  spectra  from  a  LauiSraiiCuOi  clean  cleaved  and 
exposed  surface  (5xl0-»  Torr  for  14  hrs).  From  Ref.  11. 
Mg  Ka  spectra  from  YBaiCuiOr-i  annealed  in  flowing  He 
at  50O*C  <T«  z  33  K),  heated  in  vacuum  at  450«C  (T«  z  84 
K),  and  as  prepared  (Tc  z  91  K).  From  Ref.  8. 
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0,  subsequently  annealed  in  vacuum  at  450  *C,  or  heat  treated  in 
flowing  He,  respectively.  They  reaolved  the  epectra  into  3 
contributiona  aa  shown,  and  assigned  the  contributiona  to  0  atoms  in 
the  two-dimensional  Cu-0  planes  (04),  to  those  in  the  Cu-0  chains 
(01),  and  those  in  the  Ba-0  planes  (02).  Prom  this  analysis,  they 
assert  that  removal  of  02  only  slightly  decreases  the  Tc  from  90  K, 
while  removal  of  01  atoms  dramatically  reduces  T<  to  50  K.  They 
conclude  that  the  one-dimensional  Cu-0  chains  are  important  to  the 
high  T<  superconductivity. 

The  exact  nature  of  the  531.5  eV  feature  in  the  0  XPS  data  is 
rather  controversial,  however.  Schrott  et  el.*  acknowledge  that  the 
feature  at  531.5  eV  was  sensitive  to  adsorbed  water;  however,  they 
scraped  the  sample  repeatedly  under  vacuum,  removing  up  to  severs! 
hundred  microns  of  material,  until  no  further  change  in  the 
photoemission  spectra  was  observed.  They  concluded  that  the  531.5 
ev  feature  ia  indeed  representative  of  02  sites  in  the  bulk.  Yarmoff 
et  al.*  see  features  at  531  and  528  eV  with  an  intensity  ratio  of  4.2:1. 
They  assign  the  531  eV  feature  to  both  the  02  and  04  sites,  and  the 
528  eV  feature  to  the  01  sitaa.  Ihara  et  al.1*  talk  of  vertical  and 
horizontal  sites  in  the  octahedron  of  the  Sr  doped  La  material,  the 
vertical  sites  in  the  La,Sr-0  plane  having  higher  binding  energy 
than  the  horizontal  sites  in  the  Cu-O  planes. 

On  the  other  hand.  Hill  et  al."  saw  only  a  long  tail  extending 
up  to  532  eV  in  the  XPS  from  a  clean  cleaved  surface  of  the  Sr 
doped  La  material.  Only  after  exposures  of  up  to  14  hrs  at  5x10-" 
Torr  pressures  did  they  see  a  feature  at  around  530  eV  (see  Pig.  1). 
Nucker  et  al."  on  a  similar  material  was  able  to  remove  essentially 
all  of  the  531-533  eV  feature  by  scraping  a  few  tenths  of  a  millimeter 
of  isaterial  from  the  surface.  They  concluded  that  this  feature 
(originally  30X  )  was  due  to  adsorbed  impurities  such  as  hydroxides. 
Iqbal  et  al."  on  the  123  material  found  that  scraping  decreased  the 
high  energy  peak,  while  in-eitu  exposure  to  air  increased  it.  Steiner 
et  al."  on  123  also  obtained  a  30X  feature  at  531  eV  (see  Pig.  1),  but 
observed  that  it  increased  by  a  factor  of  ten  when  going  from 
normal  emission  to  a  glancing  take-off  angle  of  80*  with  respect  to 
the  sample  normal  (see  Pig.  1).  They  concluded  that  this  feature  was 
mostly  due  to  adsorbed  CO,  C0>  and  OH.  Sarma  et  al."  for  the  123 
material  reported  two  equal  peaks  (see  Pig.  1),  and  assigned  the 
531.5  eV  peak  to  adsorbed  hydroxyl  ion.  The  only  authors  to  report 
a  spectrum  at  80  K,  they  find  an  additional  peak  at  533.3  eV  (see 
Fig.  1),  which  they  attributed  to  0>>-  ions  resulting  from  0 
dimerization  below  Tc. 

What  are  we  to  conclude  from  all  of  this?  The  absence  of  the 
531  eV  feature  on  clean  cleaved  surfaces,  the  ability  to  nearly 
remove  the  531  eV  feature  by  heavy  scraping,  and  its  observed  take¬ 
off  angle  dependence,  indicate  strongly  that  at  least  a  major  portion 
of  it  arises  from  adsorbed  impurities.  If  one  accepts  this,  then  the 
expected  atomic  ratios  (i.c.  there  should  be  4-04,  1-02  and  1-01  sites 
per  unit  cell  in  the '  123  material)  are  not  reflected  in  the  XPS 
epectra,  regardless  of  whether  the  531  eV  feature  is  assigned  to  the 
02  or  02  *  04  sites.  Below  Tc,  the  sample  probably  acts  as  a 
"cryogenic  pump"  so  that  the  additional  peak  at  533.3  eV  observed 
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by  Sarma  at  al.1'  probably  raaulta  from  water  in  the  second  and 
hither  layera  on  the  surface  (the  0  ia  binding  energy  in  bulk  water 
ia  around  534  eV).  Thua  it  seema  aafe  to  conclude  that  the  entire 
532-534  eV  feature  ariaea  from  adaorbed  apeciea,  and  that  the  0  aites 
all  have  similar  binding  energies.  This  ia  an  important  result  which 
would  not  be  expected  in  a  highly  ionic  system.  It  suggests  that  ail 
of  the  O  atoms  are  involved  in  relatively  strong  covalent  bonds  with 
the  Cu  atoms. 

THB  Sr,  Y,  Ba,  AND  La  Mu  CORE  LEVELS 

The  Sr,  Y,  Ba,  and  La  Mu  or  3d  core  levels  behave  similarly. 
The  results  can  be  briefly  described  as  follows: 

The  Sr  3d  XPS  data  for  SrO  reveal  two  peaks  split  by  about 
l.S  aV  as  a  result  of  spin  orbit  splitting1*.  In  doped  La  materials,  a 
second  doublet  about  1.4  eV  higher  in  energy  appears.  The  relative 
Intensities  of  these  two  doublets  vary  with  sample  preparation;  the 
second  component  being  particularly  large  for  a  partially 
superconducting  Sr  doped  La  material1*. 

The  Y  3d  XPS  data  for  YiO,  reveal  two  peaks  split  by  about 
1.9  eV  aa  a  result  of  spin  orbit  splitting1*.  In  the  123  material  a 
second  doublet  about  1.4  eV  higher  in  energy  appears.  In  a  series 
of  samples  (i.e.  preannealed,  0  annealed,  scraped,  exposed  to  air  in- 
situ,  etc.)  the  second  doublet  appears  to  increase  in  intensity  as  the 
O  Is  higher  binding  energy  feature  increases  in  intensity1*. 

The  Ba  3di/i  XPS  data  for  BaOt  reveals  a  single  peak  at  779 
eV<*.  For  a  series  of  123  samples  (as  above),  peaks  appear  at 
around  780  and  778  eV,  the  intensity  of  the  780  eV  feature  tracking 
with  the  intensity  of  the  higher  binding  O  Is  peak1*.  Data  taken  at 
several  take-off  angles  for  a  Ba  doped  La  sample  revealed  peaks  at 
779  and  780.5,  the  780.5  eV  peak  growing  with  larger  angle  with 
respect  to  the  normal;  i.e.  the  780.5  eV  peak  reflects  species  more  on 
the  surface1*. 

The  La  3d»/i  XPS  data  for  ionic  La**  compounds  reveal  two 
peaks  separated  by  about  5.3  eV1*.  These  spectra  have  been  studied 
extensively  both  theoretically  and  experimentally1’.  The  two  peaks 
are  attributed  to  4f  and  4f‘L  final  state  configurations  in  the 
presence  of  the  3d  core  hole.  The  latter  configuration  indicates  s 
charge  transfer  process  from  the  ligand  into  the  La  4f  orbital  to 
screen  the  core  hole.  In  the  La  materials  these  two  peaks  change 
their  relative  intensities  with  take-off  angle,  the  lower  peak 
decreasing  at  larger  take-off  angles;  Le.  the  screened  contribution 
decreases  in  intensity  for  species  near  the  surface11. 

Steiner  et  al.11"1*  propose  that  the  higher  binding  energy 
features  arise  because  of  the  presence  of  0  defects  near  the  metal 
ions.  It  is  suggested  that  the  defects  are  leas  polarizable  then  0 
atoms,  causing  the  core  binding  energy  of  the  neighboring  metal  ions 
to  be  larger.  But  the  data  would  then  indicate  that  the 
concentration  of  defects  is  larger  near  the  surface,  and  that  it  is 
larger  when  0  impurities  (i.e.  OH  or  COt)  ere  on  the  surface.  More 
likely,  the  higher  binding  energy  features  arise  because  of  the 
preaence  of  OH  and  C0»  species,  i.e.  the  formation  of  metal 
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hydroxide!  or  carbonate*11'11.  These  species  are  expected  to  be  less 
polarizable  and  more  ionic  than  0  atoms  twice  bonded  in  the  lattice. 
It  has  been  previously  indicated  that  the  interaction  of  HiO  with 
both  the  La  and  the  123  SCs  decreases  the  superconducting  volume 
fraction  and  forma  hydroxide  and  carbonate  species1*. 

THB  CU  Lu  LEVELS 

The  Cu  Lu  levels,  compared  to  all  the  other  core  levels,  have 
been  the  most  discussed  in  the  literature.  Pig.  2  compares  the  Cu 
Lu  XPS  data  for  Cu  metal  (Cu*),  Cu»0  (Cu1*),  and  CuO  (Cu1*)  where 
the  nominal  Cu  valence  states  are  indicated  in  parentheses1*.  Some 
trends  are  clear.  The  Li  binding  energy  increases  as  the  Cu 
valence  state  increases.  Only  Cu>*  exhibits  a  large  satellite  around 
942  eV,  and  a  very  large  width  for  the  principal  La  peak. 
Comparison  of  these  spectra  with  those  for  undoped  La  (Cu1*)  and 
123-o  (2/3  Cu1*  and  1/3  Cu1*)  suggests  at  the  outset  that  the  Cu  is 
primarily  in  the  Cu1*  state  in  these  materials. 

The  very  large  widths  of  the  Lu  peaks  for  the  doped  La  and 
123-o  materials  have  been  interpreted  a  number  of  different  ways. 
Ihara  et  al.1*  divided  the  Lj  experimental  peak  into  3  contributions 
located  at  931.S,  932.6,  and  934.2  eV,  each  with  a  gaussian  width  of 
1.S6  eV.  These  three  peaks  were  attributed  to  Cu  atoms  in  the  +1, 
♦2,  and  +3  valence  states,  respectively,  with  an  intensity  ratio  of 
1:2:1.  Hill  et  al.“  suggested  that  the  La  peak  has  contributions  from 


Fig.  2  Comparison  of  Cu 

Lu  XPS  and  LuVV  AES  data 
for  Cu,  CuiO,  CuO,  LaaCuOa, 
and  for  YBaaCujO?-,  in  the 
"tetragonal**  and  orthorhombic 
crystal  structures  (i.e.,  the 
La,  123-t  and  123-o  materials). 
These  data  are  summarized  in 
Table  I  along  with  the 
reported  Te.  '  The  principal 
components,  Lt  and  La,  and 
satellites  for  each  case  are 
indicated.  The  vertical  marks 
indicate  the  energy  of  the  La 
Fermi  level,  E»,  and  the  two- 
center  feature,  E<c-  From 
Ref.  19. 


965  945  925  910  930 

E^teV.  rei.  Ep)  IC.E.  (eV.  rel. 


6 


Cu  XPS  Cu  AES 


both  Cu"  and  Cu".  Alvarado  at  al.1*  fit  two  Doniach-Sunjic 
lineshapea  aaparated  by  2  aV  to  the  La  peak  and  determined  that 
both  of  the  SC  materials  have  around  40X  Cu**  and  SOX  Cu".  These 
approaches  seem  unlikely  however,  because  the  La  peak  for  CuO  ia 
equally  wide,  and  only  Cu’>  ia  preaent  in  CuO.  Indeed,  Steiner  et 
al.»  attempted  to  synthesize  the  123-o  La  spectrum  by  a  combination 
of  the  CuO  and  NaCuOa  (Cu  nominally  in  the  Cu"  state)  spectra,  and 
concluded  that  the  123-o  spectrum  reflected  primarily  Cu". 

A  theoretical  explanation  for  the  large  width  of  the  La  XPS 
peak  in  CuO  and  the  superconductors  has  been  given  by  van  der 
Laan  et  el.11.  They  observed  in  the  copper  halides  that  the  La 
width  decreased  as  the  satellite  peak  intensity  decreased.  In  the 
senes  CuFa,  CuCla,  and  CuBra,  the  width  (roughly  at  5.0,  3.6,  and  3.0 
eV)  decreased  as  the  relative  satellite  intensity,  ta/I»,  decreased 
(0.8,  0.6,  and  0.45)11.  Thus  the  CuO  and  the  SC  Laa  XPS  peaks  are 
broad  apparently  because  large  satellite  contributions  are  present. 

The  main  and  satellite  peaks,  according  to  the  theory  of 
Larsson11,  correspond  mainly  to  2p*3dl*  and  2p'3d*  final  states, 
respectively;  i.e.  to  Cu"  and  Cu1*.  These  are  nominal  electronic 
configurations  which  ignore  hybridization  with  the  ligand  valence 
electrons.  Van  der  Laan  et  al.11  refer  to  these  states  as  2p3dl,L 
and  2p3d*,  where  2p  and  L  indicate  holes  are  present  in  the  Cu  2p 
core  level  and  on  the  neighboring  ligand.  The  main  peak 
corresponds  to  a  more  fully  screened  final  state,  and  the  satellite 
can  be  thought  of  as  arising  from  a  bonding  to  antibonding,  o  to  o •*, 
shakeup  transition,  which  in  an  ionic  picture  ia  effectively  a  charge 
transfer  from  the  Cu  to  the  ligandu.  The  satellite  is  broad,  and 
even  shows  structure,  because  of  multiplet  splitting  in  the  2p3d* 
final  state11.  Such  multiplet  splitting  is  absent  in  the  2p3d final 
state  because  the  3d  shell  ia  now  filled. 

The  satellite  intensity  and  main  peak  broadening  arise  because 
the  true  eigenstates  for  the  ground  and  XPS  final  states  are  linear 
combinations  of  the  3d*  and  3d‘*L_  configurations,  without  and  with  a 
2p  core  hole".  The  satellite  intensity  in  the  sudden  approximation 
depends  on  the  change  in  mixing  as  a  result  of  the  2p  hole,  and  the 
width  of  the  Li  XPS  peak  depends  on  the  amount  of  2p3d*  mixed  into 
the  eigenstate  for  the  principal  final  state. 

In  summary,  the  satellite  intensity  and  main  peak  width  are 
correlated,  as  seen  in  experimental  spectra  and  explained  by  the 
theory.  To  reiterate,  the  Cu  XPS  spectra  for  the  doped  La  and  123-0 
materials  reflect  primarily  Cu".  In  fact,  Fujimori  et  al.1*,  using  the 
model  of  Larsson  and  von  der  Laan  to  interpret  the  Cu  XPS  data, 
indicate  that  in  the  ground  state,  the  3d  electron  occupancy  is  9.45, 
or  the  average  valence  of  Cu  is  1.55  in  both  the  Sr  doped  La  and 
123-o  SCs.  Thus  in  this  model  the  average  Cu  valency  is  not  even 
♦2.  This  is  consistent  with  the  covalent  character  of  the  Cu-O  bonds 
as  indicated  by  the  XPS  daU,  to  be  discussed  below,  and  the 
presence  of  2p  features  in  0  K  level  x-ray  absorption  spectra*. 

Although  the  Cu  XPS  for  the  SCs  are  rather  similar.  Fig.  2  and 
Table  I  show**  that  the  relative  satellite  intensity,  li/l»  decreases, 
and  the  energy  separation,  AE.„,  slightly  increases,  systematically 
down  the  series  CuO,  undoped  La,  123-t,  and  123-o.  The  123-t 
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TABLE  I  Summary  of  ths  XPS  and  AES  data  for  the  five  materials 
studied  by  Ra maker  et  al.». 


Item 

Cu  jO 

CuO 

La 

123-t 

123-0 

T,  (K) 

- 

“ 

43-29 

80-70 

93-91 

XP3 

AE..«  (eV) 

- 

8.7 

8.5 

9 

9.2 

I  ./Is"* 

- 

o.sa 

0.49 

0.43 

0.37 

AES 

I(LiV-VVV)/ 

I  (  L  jW )  •  ,  Exp. 

0.75 

0.75 

1.3 

1.3 

1.4 

X  of  shakeup 
transferred  to 
LiV-WT 

0 

0 

77 

85 

100 

tE.-Erl*  (eV) 

15.7 

16.0 

16.3 

16.5 

15.0 

(E«  c-Er 1  *  (eV) 

8.9 

8.2 

7.7 

5.6 

4.4 

•Estimated  uncertainties  in  these  data  are  indicated  in  Ref.  19. 
•Iqbal  et  al.‘>  find  I./ 1.  is  0.44  for  CuO  and  0.34  for  the  123 
material. 


material  was  air  quenched  from  900*C  instead  of  alow  cooled,  so  that 
it  contains  some  fraction  of  the  tetragonal  phase.  The  undoped  La 
material  exhibited  only  a  resistivity  minimum  around  29  K,  however 
recent  reports  suggests  that  it  may  exhibit  a  filamentary  supercon¬ 
ductivity  below  40  K  under  certain  conditions”.  Table  I  gives  the 
temperature  for  each  SC  material  at  which  the  resistance  begins  to 
drop  with  cooling,  and  the  temperature  at  which  the  resistance  drops 
to  zero.  Table  I  reveals  a  reverse  correlation  of  satellite  intensity, 
I./Im,  with  Tc  among  the  various  materials. 

This  reverse  correlation  has  been  found  by  other  investiga¬ 
tors11.  The  data  of  Steiner  et  alw  shown  in  Fig.  3  reveals  that  as  x 
increases  from  0  to  0.2  in  Lai-<SriCuO<,  the  Cu1*  satellite  decreases 
and  Tc  increases.  Indeed,  they  find  that  in  a  fast  cooled  sample 
with  x  =  0.2,  but  which  is  only  partially  superconducting,  the  Cu1* 
satellite  la  again  increased.  Within  the  Larsson-van  der  Lean  model, 
a  decreasing  U/lm  and  increasing  4Eu  indicates  a  decreasing 
electronegativity  of  the  ligands11.  We  conclude  that  the  Cu-O 
covalency  of  the  SCs  increases  as  Tc  incresses,  or  from  another 
perspective,  the  number  of  0  holes  increases  as  Tc  increases.  This 
correlation  between  number  of  0  holes  and  Tc  has  been  observed 
before1*. 
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U»-.&.CuO, 


Cu  19  xrs 


Fig.  3  Cu  Lai  XPS  spectra  for 
various  Lat-iSraCuO«  samples 
from  Ref.  16.  The  spectra  are 
normalised  to  have  the  same  total 
area.  An  identical  linear  back* 
fround  has  been  subtracted  from 
each  spectrum,  x,  Tc,  and  I./I. 
are  given  for  each  case.  Sample 
d  was  only  partially  supercon¬ 
ducting. 


One  apparent  exception  to  the  above  correlation  occurs  when 
the  doping  level  is  increased  substantially  above  0.2.  Fujimori  et 
al.**  find  for  x  -  0.5  and  Ihara  et  aL“  for  x  s  0.6  that  the  materials 
may  be  non-superconducting  or  have  a  lower  transition  temperature, 
but  the  satellites  are  still  decreased.  However,  Shafer  et  al" 
indicate  that  for  x  greater  than  0.2,  the  number  of  O  vacancies 
increases  substantially,  and  therefore  the  number  of  0  holes 
decreases.  The  decreased  satellite  in  this  case  does  not  arise  from 
decreased  covalency  within  the  Cu0«  planes,  but  from  the  presence 
of  increased  amounts  of  Cu lf  In  the  CuO*-r  planes". 

Unlike  the  O  Is  and  metal  3d  XPS  spectra  discussed  above,  the 
Cu  2p  spectra  do  not  exhibit  a  high  sensitivity  to  surface 
preparation  and  exposure;  indeed,  Steiner  et  al."  find  that  the  Cu 
spectrum  does  not  change  with  take  off  angle.  However,  in  a  series 
of  surface  treatments  as  described  above,  Iqbal  et  al."  find  that  the 
I./I.  ratio  changes.  This  rstio  is  the  largest  after  annealing  in  0i 
or  exposure  to  air,  and  is  smallest  after  scraping  the  surface.  This 
suggests  that  CuO,  which  exhibits  the  largest  I./I.  ratio,  is  formed 
on  the  surfsce,  along  with  the  metal  hydroxides  and  carbonates,  upon 
exposure  of  the  surface  to  air,  HiO,  or  even  Ot. 

THB  Cu  LuW  AUGER  SPECTRA 

Fig.  2  compares  the  Cu  LuW  Auger  lineshapes"  for  Cu  metal, 
CtiiO,  CuO,  and  the  uodoped  La,  123-t,  and  123-0  SCs  (the  latter  3 
materials  have  been  described  above).  The  L,W  lineshapes  reveal  a 
principal  peak  around  915  eV,  and  a  satellite  around  908  eV.  The 
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principal  peak  la  known  to  ariae  from  the  normal  LiVV  proceea,  the 
aatellite  from  the  LjV-VVV  proceaa.  A  clear  trend  in  the  relative 
aatelllte  inteneitiea  exists.  1(LV-VW)/I(LW)  is  relatively  constant 
for  Cu,  CujO  and  CuO.  For  the  "SCs",  I(LV-VW)/I(LVV)  is  much 
larger,  and  it  increases  while  !•/!■  In  the  XPS  decreases  (see  Table 
1).  This  trend  la  also  seen  In  the  data  of  Iqbal  et  al**  for  the 
different  123-o  surface  treatments  aa  described  above.  It  is  also 
apparent  in  the  data  of  Fuggle  et  al.*’,  although  less  clear. 

An  explanation  for  this  trend  haa  been  given  by  Ra maker  et 
el.1*.  They  attribute  the  Auger  satellite  in  Cu,  CutO,  and  CuO  to  a 
combination  of  the  Coater-Kronig  and  ahakeoff  processes.  The  Li 
and  Lt  core  holes  may  undergo  Coater-Kronig  decay  (LuL>V).  The 
resultant  Lt  core  hole  may  subsequently  Auger  decay,  and  because 
of  the  extra  valence  hole,  this  results  in  the  satellite.  The  shakeoff 
process  involves  loss  of  a  valence  electron  aa  a  result  of  sudden 
creation  of  a  core  hole,  i.e.  it  ia  a  relaxation  effect.  The  additional 
valence  hole  in  the  initial  state,  provides  a  3-hole  final  state  after 
the  Auger  process.  These  two  processes  can  cause  satellite 
intensities  up  to  70X  of  the  principal  peak  intensity  in  close 
agreement  with  experiment  for  the  non-SCa1*. 

The  additional  Auger  aatellite  intensity  for  the  SCs  was 
attributed  to  the  e  to  at  shakeup  proceaa  which  produces  the  XPS 
satellite1*.  Normally,  shakeup  does  not  cause  a  aatellite  Auger 
contribution  since  both  the  shakeup  electron  and  hole  remain 
localised,  and  consequently  the  shakeup-Auger  final  state  effectively 
contains  only  two  holes  (i.e.,  the  3-hole,  1-electron  final  state  has  a 
similar  net  repulsion  energy  as  a  2-hole  state).  However,  if  the  cr* 
electron  should  propagate  away  before  the  core  hole  decay,  a  local  3- 
hole  final  state  results.  The  «r*  electron  does  not  propagate  away  in 
CuO  because  the  as  orbital  oq/  the  atom  with  the  core  and  valence 
holes  drops  out  of  the  conduction  band  and  becomes  a  localized 
excitonic-like  state.  In  the  SCe,  no  band  gap  exists,  so  that  the  at 
electron  propagates  away  with  increasing  probability  aa  the 

covalency  of  the  Cu-0  bond  increases.  Since  I./I.  decreases  as 
I(LV-VVV)/I(LW)  increases,  apparently  the  et  shakeup  electron  does 
not  always  escape  before  the  Auger  decay.  The  probability  for 
escape  in  each  case  can  be  determined  empirically  from  the 

experimental  Auger  satellite  intensity;  this  is  given  in  Table  I1*. 

The  features  seen  in  Fig  2  between  the  L»  and  Lt  Auger 

contributions  (indicated  by  the  vertical  hatch  marks)  have  been 

attributed  to  an  effective  two-center  Auger  final  state1*-**.  Such  a 
final  state  might  arise  when  the  a  Cu-O  bonding  band  is  involved  in 
the  Auger  decay,  in  contrast  to  the  non-bonding  or  weakly  a  Cu-O 
bonding  bands  which  dominate  the  principal  feature.  Fig.  2  and 
Table  I  show  thst  the  energy  of  this  two-center  feature  relative  to 
the  Fermi  level  (i.e.  E«-Er)  decreases  with  increasing  covalency. 
The  two-center  Uwt  decreases  as  the  covalency  increases,  because  of 
the  increased  screening  of  the  Cu-O  valence  holes  by  the  more 

delocalized  a  electrons  in  the  store  covalent  systems.  However,  the  a 
electrons  are  apparently  ineffective  at  screening  the  more  localized 
holes  in  the  a  orbitals,  since  Et-Ei  ia  relatively  constant,  except  in 
123-0.  Recent  band  structure  calculations**  indicate  that  a  a*  band 
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in  123-0  may  not  ba  completely  filled,  *o  that  in  thia  caee  tome  of 
the  n  electron*  can  effectively  acreen  the  Auger  w  holes. 


THB  TBMPERATURB  DEPENDENCE  OP  THE  IPS  AND  AES  DATA 

A  limited  amount  of  XPS  and  AES  data  haa  been  reported  for 
samples  at  low  temperatures.  Sarma  et  al1’  reported  the  Cu  Lu  XPS 
and  LnW  AES  data  for  123-o  at  80  K  shown  in  Fig.  4.  They  see  s 
reduced  XPS  satellite  and  an  enlarged  Auger  satellite,  i.e.  a 
continuation  of  the  trend  discussed  above.  Iqbal  et  al.1’  report 
data  for  123-o  samples  at  170  K  and  see  a  similar  trend.  In  addition 
they  see  a  reduction  in  the  valence  band  Cu  satellite  with  £■  around 
10-16  eV.  In  contrast,  Thiry  et  al.”  see  a  larger  valence  band 
satellite  for  123-0  samples  at  81  K.  The  valence-band  Cu  satellite 
has  an  origin  not  unlike  the  core  level  Cu  satellite.  In  all  three 
inatances,  these  trends  were  perfectly  reproducible  and  reversible  as 
the  materials  were  cycled  from  ambient  to  lower  temperatures.  Only 
after  repeated  cycles  do  these  trends  tend  to  diminish,  apparently 
due  to  deterioration  of  the  surface  layers,  which  are  reflected  in  the 
spectra. 

The  effects  of  impurities  such  as  HjO  on  the  surface  must  be 
of  great  concern  at  these  low  temperatures.  As  discussed  above, 
samples  at  these  temperatures  act  as  "cryogenic  pumps"  for  HjO 
producing  bulk-like  HiO  features  in  the  O  Is  XPS  data  of  Sarma  et 
al.1*.  However,  the  data  of  Iqbal  et  al.1’  show  that  exposure  to  air 
or  Oi  causes  the  satellite  trends  to  go  in  the  opposite  direction,  i.e. 
an  increased  XPS  satellite  and  a  decreased  Auger  satellite.  Therefore 
the  core  level  trends  noted  above  may  reflect,  a  property  of  the  bulk 
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Fig.  4  Comparison  of  Cu  Lsi  XPS  data  and  LiVV  data  ter 

YBajCujOi-g  at  300  K  and  80  K  from  Ref.  15. 
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•t  lower  temperature!.  The  situation  in  the  valence  band  region  is 
much  less  clear.  In  the  valence  band  region,  the  presence  of  HiO  or 
other  impurities  on  the  surface  can  increaae  the  XPS  signal,  and 
beam  damage  can  decrease  the  signal,  just  where  the  Cu  satellite 
falls*. 

A  solid  has  three  ways  of  responding  to  creation  of  a  core 
hole.  These  include  atomic  relaxation,  charge  tranefer,  and 
polarization.  Each  of  these  responses  introduce  primarily  different 
dynamic  or  virtual  excitations.  Atomic  relaxation  entera  through 
shakeoff,  charge  transfer  through  shakeup,  and  polarization  through 
electron-hole  (e-h)  pair  excitations1*.  Shakeoff  is  primarily 
responsible  for  the  long  featureless  tail  to  lower  energies  in  a  core 
level  XPS  spectrum,  shakeup  is  responsible  for  the  satellite  feature 
such  as  that  already  discussed,  and  e-h  pair  excitations  are 
responsible  for  the  slight  tailing  off  of  the  primary  peak  giving  it 
the  Doniach-Sunjic  lineshape  often  seen  in  metals.  Similar  e-h  pair 
excitations  also  introduce  the  well-known  edge  singularity  in  XES  and 
XAS  data. 

In  light  of  the  above,  a  significant  reduction  in  the  XPS 
satellite  below  T.  ia  not  unexpected.  At  lower  temperatures, 
particularly  below  Tc,  one  might  expect  polarization  effects  to 
increase,  and  thus  charge  transfer  effects  to  decrease.  However,  if 
!•/!■  ia  significantly  decreased,  then  the  width  rf  the  primary  peak 
should  decrease.  The  fact  that  the  experimental  data  in  Pig.  4  don't 
show  this  may  be  evidence  that  the  effects  of  e-h  pair  excitations 
are  indeed  increased  below  T»  Fig.  3  shows  that  the  tailing  off  of 
the  Li  peak  ia  the  moat  pronounced  for  sample  (c),  l.e.,  the  one  with 
the  highest  Tc  whan  the  satellite  ia  the  smallest.  This  strongly 
suggests  that  e-h  pair  excitations  are  also  occurring  at  room 
temperature;  an  expected  result  since  these  materials  are  metallic  at 
room  temperature.  Edge  singularity  effects  may  also  be  present  in 
recently  reported  O  K  XES  and  transmission  EELS  data,  spectra 
which  are  more  representative  of  the  bulk.  A  feature  occurring 
right  at  the  Fermi  level  in  the  0  K  EELS  data  is  seen  to  grow  with 
increasing  Sr  doping  level  in  the  La  SC  material11.  O  K  XES  data 
for  the  123  material  shows  a  slight  enhancement  near  the  Fermi 
level”. 

The  effects  of  e-h  pair  excitations  on  the  LjVV  Auger  lineshape 
for  the  SC'a  are  quite  different  from  that  for  normal  metals,  where 
only  small  effects  are  seen.  In  the  123-o  material,  all  of  the  shakeup 
probability  has  already  -been  utilized  to  account  for  the  Auger 
satellite  found  at  ambient  temperatures.  If  indeed  the  Auger  satellite 
increases  and  the  XPS  satellite  decreases  at  lower  temperatures,  the 
increasing  Auger  satellite  must  result  from  the  increasing  e-h  pair 
excitations.  For  this  to  be  true,  it  means  that  the  e-h  excitation 
must  effectively  be  a  charge  transfer  from  the  Cu  to  the  0  or  least 
from  a  localized  state  on  the  Cu  atom  to  a  more  itinerant  state.  This 
ia  necessary  so  that  the  Cu  ends  up  with  a  three-hole  final  state 
after  the  Auger  decay  to  produce  the  LV-VW  satellite.  It  is  also 
exactly  what  one  would  expect  from  the  band  calculations  which 
indicate  an  occupied  dtr  (n)  like  band  just  below  the  Fermi  level, 
and  a  more  itinerant  ds-,i  (ot)  like  band  just  above  it1*.  The  Cu 


to  0  or  localized  to  Itinerant  electron  transfer  ia  similar  to  that 
suggested  by  the  several  different  exeitonic  models  for 
superconductivity,  which  is  believed  to  be  responsible  for  the 
electron  pairing**-’*.  These  charge  transfer  e-h  pair  excitations 
probably  also  contribute  some  intensity  to  the  LV-VVV  satellites  for 
the  SC  materials  at  room  temperature. 

The  above  should  not  be  taken  as  direct  evidence  for  the 
exeitonic  models  of  superconductivity.  Much  more  experimental  data 
must  be  taken  to  sort  out  the  effects  of  adsorbed  surface  apeciea 
and/or  beam  damage  and  true  low- temperature  bulk  effects. 
Furthermore,  e-h  pair  excitations  are  a  normal  screening  response 
and  their  localized  to  itinerant  nature  is  consistent  with  the  bulk- 
banri  structure  calculations.  Therefore,  even  if  these  excitations  do 
occur,  although  suggestive,  they  do  not  necessarily  establish  the 
nature  of  the  superconductivity. 

SUMMARY 

Review  and  interpretation  of  the  XPS  and  AES  data  indicates 
the  following: 

1.  The  surface  of  the  SCa  is  highly  reactive  to  adsorbed  gases, 
producing  metal  hydroxides  or  carbonates,  and  perhaps  CuO 
near  the  surface,  and  significantly  affects  the  XPS  data. 

3.  The  a  and  <r«  Cu-0  bonds  appear  to  be  highly  covalent  in  the 
SCs,  indeed  the  Cu-O  covalency  increases  with  Te.  This  high 
covalency  indicates  that  the  holes  are  shared  by  both  the  Cu 
and  0  atoms,  and  the  average  Cu  valency  is  estimated  to  be 
less  than  2+. 

3.  The  three  dynamic  effects  of  the  screening  response,  namely 
shakeoff,  shakeup,  and  e-h  pair  excitations,  all  contribute  to 
the  LV-VW  Auger  satellite.  The  charge  transfer  nature  of  the 
e-h  pair  excitations  ia  suggestive  of  the  exeitonic  mechanisms 
for  the  superconductivity. 
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